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Abstract 
Membrane separations are widely used across a range of food and beverage industries, including dairy products; 
juiced fruit and various miscellaneous foods and food additives. The performance of a membrane processes 
deteriorate over time due to the deposition of unwanted fouling layers upon, or within, the membrane, causing 
declining permeate flux, increased operational cost, and shortened membrane life.  Fluid dynamic gauging (FDG) is a 
technique based on fluid mechanical phenomena which provides measurements of thickness and strength of fouling 
layers, in situ and in real time.  This paper demonstrates the application of FDG to monitor the performance of flat 
sheet polymeric membranes.  Here, FDG is (i) used to generate profiles of discharge coefficient (Cd) against h/dt 
under different conditions to confirm its suitability for measuring cake thickness, (ii) augmented by computational 
fluid dynamics (CFD) simulations to prove it can be used to investigate the deformation characteristics of the cake 
layers. The successful implementation of FDG and CFD to provide in situ information such as permeate flux, 
thickness and strength of the cake layer opens up many possibilities for the elucidation and characterisation of 
membrane fouling and cleaning mechanisms. 
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1. Introduction 
Membrane separation is employed in many liquid-based processing operations, notably in the food, 
pharmaceutical and water treatment industries. A variety of new membrane processes and technologies 
have been developed over the last decade [1]. These systems offer better performance in terms of water 
flux, solute rejection, and the ability to maintain high performance levels at substantially lower operating 
pressures.  The impact of these improvements is still, however, limited by fouling, leading to a decrease 
in transmembrane water flux and increased solute passage through the membrane. 
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Various techniques have been adopted to monitor membrane fouling especially the porosity profile 
and/or overall thickness of filter cakes. Destructive methods are well established, including gravimetric 
analysis, freeze slicing [2], cake reconstruction [3] and filter cake embedding/thin sectioning [4].  Non-
destructive methods such as direct observation though membrane [5,6], ultrasonic time domain 
reflectometry [7,8] have been reported to give thickness measurements of fouling layers. The former of 
these requires a specially constructed membrane cell with an observation window and visibility through 
the feed solution, whilst the latter, although capable of providing some insight into the density of the cake 
layer, relies on careful interpretation of reflected acoustic signals and may be prone to interference. 
Various other non-invasive methods have been reviewed by Chen et al. [9]. 
Fluid Dynamic Gauging (FDG) is an affordable and innovative non-contact method for measuring a 
deposit layer’s thickness and strength, in situ and in real time.  The technique was originally developed to 
measure the thickness of soft deposits on flat surfaces in static systems [10], and its applications have 
since been extended to duct flow [11], annular flow [12] and membrane filtrations (in which it has been 
implemented in both dead end and cross-flow separations of glass ballotini from water [13,14].  
The FDG technique has been described in detail previously by Tuladhar et al. [10] and the principles 
are illustrated by Figure 1(a).  A fouling layer deposited on a solid surface in a liquid environment is 
studied by bringing the gauging nozzle close to the liquid/deposit interface and imposing a pressure 
difference, 'p14, so that liquid is withdrawn (i.e. sucked) through the nozzle.  The technique exploits the 
characteristics of the flow: the flow rate, mg, is very sensitive to the clearance, h, when the geometric ratio 
h/dt is less than ~ 0.25.  Knowledge of the flow rate through the nozzle can therefore be used to find h. 
Knowing the nozzle location in space allows one to calculate the location of the surface, and thereby the 
deposit layer thickness, G, from G = ho í h, where ho is the distance between the nozzle and the substrate.  
Changes in G due to deposition or cleaning can therefore be tracked in real time and in situ.  In this work, 
a pressure mode FDG is employed [12,14], wherein mg is set and the measurement of the pressure drop 
across the nozzle, 'p13, is used to locate the position of the surface. The pressure drop across the nozzle is 
sensitive to the clearance, so that h may be obtained from knowledge of this pressure difference and the 
mass flow rate, as shown in Figure 1(b).  Data for nozzle-advancing denotes that measurements are made 
while the gauge is moved incrementally towards the gauged surface whereas nozzle-retreating mode 
indicates the gauge is moved incrementally away from the surface.  The two approaches show good 
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Fig. 1.  (a) Schematic of a typical gauging nozzle, stations 1 - 4 represent locations between which pressure differences are 
expressed. Dimension of nozzle: dt = 1 mm, d = 4 mm, s = 0.5 mm and D = 60o. (b) Calibration profiles of 'p13 vs. h/dt 
demonstrating the incremental ('p13 is sensitive to h/dt) and asymptotic ('p13 is insensitive to h/dt) zones: mg = 0.4 ± 0.01 g/s. The 
nozzle-retreating and nozzle advancing modes show good reproducibility 
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reproducibility. 
 
The performance of the nozzle can be represented by the discharge coefficient, Cd. This accounts for 
the energy losses due to the flow near the nozzle entrance, and is defined as the ratio of the actual to ideal 
mass flow rate through the nozzle, viz.  
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where 'p13 can be calculated using 'p14 and the effective length of pipe between points 1 and 4. For a 
particular system, a characteristic curve relating Cd to h/dt can be obtained.  This is used to infer the 
clearance, h, enabling the calculation of deposit thickness. 
 
The goal of this work is to demonstrate the potential of FDG to monitor the performance of flat sheet 
polymeric membranes in cross-flow microfiltration systems. A series of experiments have been 
performed to test the performance of FDG, specifically investigating the effects of transmembrane 
pressure (TMP) and cross-flow velocities (CFV). For the experiments performed here with reverse 
osmosis (RO) water, the flows lie in the laminar regime so the flow patterns and stresses imposed on the 
surface can be calculated by numerical solution of the governing Navier-Stokes, Darcy's Law and 
continuity equations. 
 
Nomenclature 
 
Cd Discharge coefficient 
d Gauge tube diameter (m) 
dt Gauge nozzle throat diameter (m) 
h Clearance of nozzle from deposit (m) 
h0 Clearance of nozzle from substrate (m) 
mg Gauging mass flow rate (kg/s) 
mp Permeate mass flow rate (kg/s) 
Reduct Duct Reynolds number 
Regauge Gauge Reynolds number (based on nozzle throat diameter) 
Į Nozzle taper angle (°) 
ǻpij Differential pressure between points i and j (Pa) 
į Deposit thickness (m) 
μ Fluid viscosity (kg/m/s) 
ȡ Fluid density (kg/m3) 
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2. Materials and Methods 
2.1. Membrane 
A hydrophilic, mixed cellulose ester microfiltration membrane of 8μm nominal pore width (Millipore 
incl. catalogue no. SCWP29325) was used in this experiment. The membrane mean permeability was 
determined using the method employed by Lister et al. [14] and was found to be 2.88 × 10-13 m-2. 
2.2. Experimental Apparatus 
Figure 2(a) shows a schematic of the flow loop used in this study. RO water was circulated from a feed 
tank through a rotameter, then a 500 mm entry section of 15 mm × 15 mm cross section before entering 
the test section of identical cross section and 150 mm long. The flowrate through the test section was 
regulated using the rotameter and the TMP was controlled using valves V1 and V2.  
Figure 2(b) shows the test section. The gauging nozzle geometry is shown in Figure 1(a) with 
dimensions: dt = 1 mm and d = 4 mm, s = 0.5 mm and D = 30o.  The location of the gauge was adjusted 
using a micrometer, dP1 (ǻp14) was measured using a differential pressure transducer (PX26-001DV, 
Omega Engineering ± 0.25 mbar), dP2 (transmembrane pressure) was measured using a differential 
pressure transducer (PX26-005DV, Omega Engineering ± 1 mbar). The gauging flow mg was controlled 
using a needle valve and measured using a digital balance (A&D FX-3000i ± 0.01g) connected to a data-
logging PC.  Permeate flowrate, mp, was measured using an identical balance connected to the same PC. 
2.3. Method 
The polymeric membrane was wetted using RO water prior to being installed into the test section as in 
Figure 2(b). The system was filled with RO water to displace all air bubbles in the flow loop. The 
membrane was allowed at least 30 min to soak before further experiments were conducted. 
In all experiments, gauging discharge flow rate was set at 0.40 ± 0.01 g/s, corresponding to Regauge = 
500. Regauge is based on the diameter of the nozzle throat, dt. The pressure difference across the nozzle, 
'p13, vs. h/dt, profiles were generated for various values of TMPs (60 – 100 mbar) and CFVs (0.037 – 
0.104 m/s, corresponding to Reduct = 550 – 1550).  It should be noted that the gauge was not brought into 
contact with the membrane to avoid damaging it, so no gauging measurements were made for values 0 < 
h/dt < 0.03. 
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3. Results & Discussion 
3.1. Calibrations 
Cd vs. h/dt profiles were constructed for a range of duct flowrates and static pressures with an 
impermeable, stainless steel substrate in place of the membrane as part of commissioning apparatus. The 
calibrations obtained (not shown) showed close agreement to those in previous studies [14].  
Fig. 3 shows calibration plots for a range of filtration conditions.  The incremental and asymptotic 
zones (separated by the dotted line on Fig. 3(a)) are clearly defined, and the vast majority of scatter in the 
(a) 
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Fig. 2.  Schematics of apparatus: (a) flow loop and (b) configuration of test section with gauging nozzle. BP – bleed point, DP – 
differential pressure transducer, FC – flexible coupling, G – gauge, M – membrane, Mi – micrometer, CV – needle valve, PT – pressure 
tapping, S – metal support, V - valve 
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data occurs for h/dt > 0.25. One possible reason is the inaccuracy of the pressure transducer, dP1 (±0.25 
mbar) at higher values of h/dt where the magnitude of the pressure drop is small (Figure 1(b)). However, 
there is good agreement for different flow conditions showing that Cd is relatively independent of Reduct, 
there is also very good agreement with calibration data obtained using an impermeable steel plate in place 
of the membrane.  The Cd vs. h/dt profiles in Figure 3(b) show that the operation of the FDG is also not 
affected by TMP.  The scatter is again observed for h/dt > 0.25 due to the inaccuracy of dP1 (±0.25 mbar). 
In all these experiments, the permeate flow, mp, is stable and unaffected by the gauging flows.  These 
calibration plots display the expected trend for FDG calibrations as reported by Tuladhar et al. [10] and 
show excellent agreement with results for duct flow systems. The sensitivity of Cd to nozzle-surface 
clearance is still present in the curve and can thus be exploited to monitor deposit growth. This also 
confirms the permeate flux through the membrane is not affecting the operability of FDG.  
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Fig. 3.  Membrane calibrations at (a) varying Reduct, TMP = 60 mbar, open symbols – membranes calibrations, solid symbols – 
calibrations on impermeable surface; (b) varying TMP, Reduct = 1550, open symbols – Cd values, solid symbols – mp . 
3.2. CFD Simulations 
Computational fluid dynamics (CFD) has been employed to model the fluid flow involved in fluid 
dynamic gauging of porous layers [11, 12].  Here, we extend the numerical studies reported by Lister et 
al. [14] for cross-flow filtration.  In brief, the Navier-Stokes (N-S) and continuity equations describe the 
flow of the free liquid, Darcy’s Law the flow through the membrane. Schmitz and Prat [15] have shown 
that the slip effect at the permeable surface in a cross-flow filtration system is practically negligible; thus 
the no-slip boundary condition is used.  All flows were treated as axisymmetric, steady, laminar, 
isothermal, incompressible and Newtonian. Furthermore, it was assumed that the physical properties such 
as density and viscosity were constant throughout the entire system.  The permeability of the membrane 
was assumed to be homogenous and isotropic, with the main characteristic being the intrinsic 
permeability. 
Flow patterns from CFD simulations show that the majority of flow is travelling down the duct (not 
presented here) [11]. Streamlines near the base of the duct shows that the fluid in the duct crosses the 
membrane, caused by the TMP.  Streamlines downstream of the gauging tube show the presence of 
turbulent wakes caused by the obstruction of the gauge to flow.  A small amount of streamlines travel 
Incremental Asymptotic 
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through the nozzle showing that a small proportion of the flow is extracted from the duct as the gauging 
flow. 
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Fig. 4. Comparison of experimental and simulated Cd values.  
Symbols - experimental data; line – loci interpolated from 
CFD results. Reduct = 280, Regauge = 500, TMP = 65 mbar 
Fig. 5. Shear stress distribution on the membrane surface, with 
Reduct = 280, Regauge = 500 and TMP = 65 mbar. Symbols: squares 
- h/dt = 0.10, cricles - h/dt = 0.14, triangles - h/dt = 0.18 and 
crosses - h/dt = 0.22. Dotted lines indicate the region under the 
rim of the nozzle 
 
In the experiment Cd is found via equation (1) where 'p13 is measured using a differential pressure 
transducer. In the simulation 'p13 is an output from CFD result. Figure 4 compares experimental Cd 
values with those calculated from CFD simulations for Reduct = 280, Reduct = 500, TMP = 65 mbar. The 
loci plotted for the simulation results are obtained by interpolation.  The agreement between the CFD 
predictions and the experimental values is entirely satisfactory, to within 5%, and lie within the bounds of 
experimental error.  The generally good agreement with experiments confirms the reliability of the CFD 
simulations. 
The stresses acting on the gauged surface can be readily calculated from the numerical solutions.  The 
shear stress imposed on the surface for the permeate system is shown in Figure 5. The maximum shear 
stress imposed on the surface is located directly underneath the rim of the nozzle (indicated by the dotted 
lines).  This is reasonable as one would expect the velocity gradient to be largest in the small separation 
between the gauge and the membrane. The shear stress is zero at the centreline, and approaches zero 
asymptotically at locations away from the gauge i.e. radial position > 1.0 mm and < í1.0 mm.  For all 
cases considered, the peak shear stress values occur close to the inner radius of the rim of the nozzle.  The 
magnitude of these shear stresses is comparable with velocities used in cleaning-in-place operations and 
these values can be exploited to obtain quantitative information about the strength of the materials being 
studied [12].  
4. Conclusion 
The FDG technique has been shown to be a versatile and powerful technique for characterising the 
dynamics and mechanical behaviour of fouling layers on both hard and soft impermeable process 
surfaces. Experimental and numerical studies of FDG on polymeric microfiltration membranes showed 
promising results, establishing clearly the potential for FDG to generate new and useful data on porous 
(e.g. membrane) systems.  This study confirmed that CFD simulations can be employed to estimate the 
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flow field and stress distributions associated with FDG in cross-flow membranes. The stresses can be 
exploited to obtain quantitative information about the strength of the materials being studied.  The 
successful implementation of these methodologies would allow long-term studies to characterise the 
structural changes associated with the fouling/cleaning cycle and to determine the effect of the gauging 
technique on the deposit microstructure. Experimental studies of membrane fouling of suspended yeast 
cells using FDG are in progress. 
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